INTRODUCTION
Saturation is a phenomenon that exists in a vast range of practical control systems, such as electrical machines (Jang [2009] ), robot maipulators (Huang et al. [2008] ) and mems (Jagannathan and Hameed [2004] ). The presence of such input nonlinearity may result in degradation of control performance and even worse, it may lead to instability of the closed loop system. Hence, control of saturated systems is of a great significance. However, due to complexity of the problem, very limitted works have been reported in the literature. Yan et al. [2007] studied the problem of robust stabilization for uncertain time delay systems subjected to saturating actuator.Under certain conditions, a dynamic compensator, which uses only the accessible output variables, is synthesized to achieve the stabilization. In Zhong [2005] , model reference adaptive control problem for single-input single-output minimum phase systems with input saturation was considered, where a sufficient condition is presented which becomes necessary in some cases. Moreover the closed loop sytem can have global stability under certain assumptions.
In most of the works cited before, the control problem has been considered for linear systems and under certain limitting assumptions, the global stability is satisfied. To see more works on the linear systems, one can refer to Chaoui et al. [1998] , Chaoui et al. [2001] and Fliegner et al. [2003] . Gao and Selmic [2006] proposed neural net (NN)-based actuator saturation compensation scheme for a class of nonlinear systems, presented in Brunovsky canonical form. The actuator saturation is assumed to be unknown and the saturation compensator is inserted into a feedforward path. Besides, the operation of the designed controller was indicated by simulation results. In Zhou and Wen [2006] , based on backstepping technique, a controller was designed for uncertain nonlinear systems in the presence of input saturation. The developed controller does not require uncertain parameters within a known compact set. however, to achieve an aaceptable tracking performance, proper adjustment of system parameters is not a simple task.
In this paper as inspired by Su et al. [2006] , a new deadzone operator based model of saturation phenomenon is proposed, that is able to model diverse kinds of saturation such as hard limitted and soft limitted ones. Applying this model, provides enough degree of freedom for the designer to handle a trade-off between modelling accuracy and computation complexity. Moreover using a linear in parameter approach in the modelling, makes it consistent with the available adaptive control techniques. Besides, an adaptive backstepping controller is designed for a class of nonlinear systems which contains an unknown saturation as input nonlinearity. In addition, the simulation results are implemented for a Spring-Mass-Damper to consider the performance of the designed controller. The rest of this paper is organized as follows: In section 2, the problem formulation is presented, In section 3, the propsed saturation model is introduced and the adaptive control design is explained in section 4. Moreover, section 5 shows simulation results to illustrate the efficiency of our proposed method. Finally conclusions are given in section 6.
PROBLEM FORMULATION
Consider a class of nonlinear saturated systems described by:
where a j (for j = 1, . . . , N ) and b are some unknown constants and Y j (for j = 1, . . . , N ) are some known functions. Furthermore, w(t) = sat(u(t)) is the saturated control input defined as:
where w sat is an unknown constant parameter, w(t) is illustrated in Fig.1 . The aim of this paper is to design a control law for u, such that the signal x follows a desired reference signal x d ; while the closed loop system is stable.
DEAD ZONE OPERATOR BASED MODEL OF SATURATION
Consider the following saturation block diagram:
φ(·), denotes the saturation operator. Similar to the work presented in Su et al. [2006] , it is proposed that φ(·) can be modeled with the following relation :
where
• ρ(r) is a density function, vanishing at a finite horizon R and satisfying ρ(r) ≥ 0 ∀r > 0.
• ρ 0 is a constant parameter, calculated from:
• dz r (·) is a dead zone operator defined by: dz r (u) = max(u − r, min(0, u + r)) (5) The operation of dead zone operator is illustrated in Fig.3 Fig . 3 . Deadzone operator. Remark 1. To model a saturation operator, different kinds of density functions such as Guassian function can be considered as ρ(r), the parameters of which, should be approximated based on experimental data.
To clarify the dead zone operator based model of saturation, an example is depicted in Fig.4 , in which, ρ(r) is considered as :
It is clear from Fig.4 , at u 0 = R, the ouput of saturation operator enters its saturated region. Remark 2. To calculate the saturated value(v sat ), we have :
Fig. 4. Proposed saturation model.
CONTROLLER DESIGN
In this section, based on the proposed saturation model, an adaptive controller is designed and the stability of the closed loop system is guaranteed via Lyapunov stability theorem. To achieve our goal, the system dynamic is expressed in a normal form:
Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011 wherex = [x 1 , . . . , x n ] T ∈ ℜ n is the state vector and w(t) is the saturated control input, modeled by the proposed saturation model:
in which ρ 0 and ρ(r) are supposed to be unknown. Substituting (9) into (8) resluts in:
To design a controller based on adaptive backstepping technique, new state variables are defined as follows:
α i is called virtual control law and calculated from:
c i (for i = 1, . . . , n) are some positive arbitrary real numbers. Based on the above definitions and considering β = (ρ ′ 0 ) −1 , the proposed adaptive backstepping based controller is:
whereρ(r, t) andâ j (for i = 1, . . . , N ) are adaptation function and parameters which are updated by:
In the above equation k i > 0, k β > 0 and k ρ > 0 are arbitrary adaptation gains.
In the following theorem, the summary of the designed controller is expressed and the stability proof is given. Theorem 1. Consider a class of saturated nonlinear systems, described by equation (1). If assumption 1 is hold, applying control laws (14) and (15) Proof. According to equations (12) and (10), one can achieve the following relations:
Defining the adaptation parametere errors as:
and introducing the following Lyapunov function:
The time derivative of V along the trajectories of system (20) isV
Substituting (13) into (23) results in:
applying the control law (14) into (24):
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Finally, using the adaptation laws (16)- (18) leads to:
Hence the closed loop system is stable. Moreover Barbalat's lemma (Khalil [2005] ) states that the trajectories of z i will asymptotically converge to the origin as time tends to infinity. Consequently the output signal x 1 tracks the desired reference signal x d .
Remark 3. Based on implicit function theorem (Khalil [2005] ), the control law can be calculated from equations (14) and (15) as:
Remark 4. To implement the control law, the integral term is approximated in the following form:
in which ∆r is a step size and
The parameter ∆r plays an important role in adjusting a balance between estimation accuracy and computation complexity. Choosing a larger value for ∆r leads to a coarser estimation and a higher level of computation complexity. On the contrary, a smaller value, results in a more accurate estimation, while more computation is needed.
SIMULATION RESULTS
In this section, the performance of the proposed control method is illustrated by simulation results. The proposed controller is applied to a 2nd order Spring-Mass-Damper system which is described by (Zhou and Wen [2008] ):
where, x 1 and x 2 are the position and velocity of the mass, respectively, k is the spring constant, c is the damping factor and m is the mass value. In these set of simulations, the system parameters are sleceted as: m = 1.25 kg, c = 2 N s m , k = 8 N m and w = sat(u) is characterized as :
Our proposed controller and conventional clamped adaptive controller are simulated and compared to represent the efficiency of the proposed method. In the conventional adaptive clamped controller, the saturation phenomenon is ignored in the controller design process. As a result, it would be a convetional adaptive controller, the output of which is clamped by a saturation phenomenon, before being exerted to the system. 1-The proposed saturation model based adaptive controller:
To implement the controller, the control law is calculated from the following equation:
where R = 12 and ∆r = 0.1. Moreover, the adaptation laws are:ȧ
The reference signal is selected as x d = sin(t). c 1 and c 2 are set to 10 and to have a better convergence, these parameters are swiched to 100 at time instant t = 20s. To show the robustness of our proposed method against initial conditon changes, the initial conditions are set to x 1 (0) = x 2 (0) = 8. Simulation results are depicted in Figs. 5 and 6. It is obvious from Fig. 5 that the output tracking error tends to zero in the course of time. simulation is carried out once again,while x d = sin(t) + cos(2t) and all the other parameters are adjusted similar to the previous simulation. Figs.7 and 8 show that, like the preceding simulation, the system output tracking error converges to zero properly and the saturated input (i.e.w(t)) is a smooth signal. (2t) and the proposed controller is applied.
2-The conventional clamped adaptive controller:
In this part, an adaptive controller is designed, while the input saturation phenomenon is ignored in the system equation (30), which leads to a conventional adaptive controller. The only differnce between this part and the previous one is that, here, the correction term due to proposed design, as in equation (32), has been set to zero: u sc = 0 As the preceding part, simulations are carried out for two mentioned reference signals. All the parameters are selected similar to part 1.
Simulation results are shown in Figs.9 -12 . It is clear, while the conventional adaptive controlle is applied, the output signal is not able to track the desired signal properly. Furthermore, the saturated input signal (i.e.w(t)) switches with a high frequency, which endangers the actuator. 
CONCLUSION
In this paper, a new dead zone based model of saturation was proposed to model a wide range of saturation phenomenon. Due to use of a linear in parameter approach, the main characteristic of this model is its consistency with the available adaptive control techniques. Moreover, using the proposed saturation model, an adaptive backstepping based controller was designed for a class of nonlinear saturated systems. Finally, some simulations were carried out on a Spring-Mass-Damper system to show the efficiency of our proposrd method against reference signal and initial condition change.
